ABSTRACT. Stream restoration designs frequently involve establishing vegetation on
stablishing riparian vegetation along streambanks and floodplains is a common technique used to control streambank retreat (Bernhardt et al., 2005; Bernhardt and Palmer, 2007) . Bank vegetation increases geotechnical stability through root reinforcement (Simon and Collison, 2002; Wynn and Mostaghimi, 2006; Simon et al., 2006) , and interactions between streambank vegetation and near-bank flow result in altered near-bank velocity and shear stress distributions (Thorne and Furbish, 1995; McBride et al., 2007; Hopkinson and Wynn, 2009 ). Generally, multiple planting methods (e.g., live staking, bareroot plantings, and potted plants) combined with seeding and other soil bioengineering systems are suggested for bank stabilization (USDA-NRCS, 1996; Doll et al., 2003) . This mixed planting method results in a distribution of vegetation with varying densities, time of establishment, length, and flexibility. In addition to the desired stability management, this heterogeneous planting scheme may generate flow complexity (e.g., velocity gradients, eddies, etc.) that are desirable habitat features for aquatic organisms (Fausch and White, 1981; Hayes and Jowett, 1994; Crowder and Diplas, 2002) .
Flow through vegetation has been studied extensively for idealized vegetation in controlled experiments. Flow resistance and turbulence structure have been quantified for flow through an array of mimicked vegetation (Ikeda and Kanazawa 1996; Nepf, 1999; Garcia et al., 2004; Nepf, 2002, 2006; Tanino and Nepf, 2008; Liu et al., 2008) . These studies primarily utilized a single vegetation type (e.g., rigid cylinders, plastic strips) located along the flume bed. This work was extended by defining the stepped velocity profile of flow through a combination of short and long rigid dowels (Liu et al., 2010) and through artificial vegetation with frontal densities that varied with depth (Lightbody and Nepf, 2006) .
Recent research has begun to address the impacts of streamside vegetation and vegetation patches (i.e., regions of vegetation with a finite area) on the flow field. The turbulence structure resulting from idealized vegetation located on the floodplain (Thornton et al., 2000; McBride et al., 2007; Yang et al., 2007) , as streamside vegetation (White and Nepf, 2007; Afzalimehr and Dey, 2009; Zong and Nepf, 2010) , and on sloping streambanks (Hopkinson and Wynn, 2009 ) has been quantified. High turbulent shear stresses are moved away from the streambank in the presence of dense, streambank vegetation (Hopkinson and Wynn, 2009) . Recent research also characterized flow structure near vegetation/main channel boundaries of vegetation patches (Zong and Nepf, 2010; Siniscalchi et al., 2012) . There is a need to expand this knowledge, considering flow transitions at vegetation patch boundaries (Nepf, 2012) and the flow effects resulting from heterogeneous vegetation patterns (Nezu and Sanjou, 2008) .
The objective of this research was to examine the effects of varied patterns of simulated vegetation on time-averaged velocity and turbulence statistics. Measurements of velocity were taken at a high spatial density within vegetation treatments combining flexible and rigid vegetation mimics that created two vertical layers. Artificial vegetation spacing was determined by a recent restoration plan.
METHODS FLUME SETUP AND VEGETATION TREATMENTS
A flume experiment was conducted in a 1.21 m wide × 6 m long flume (0% bed slope) at the St. Anthony Falls Laboratory (Minneapolis, Minn.). Flume vegetation models were constructed based on a planting pattern followed by an actual stream restoration site (Stroubles Creek, Blacksburg, Va.). The stream restoration design involved reshaping the banks and establishing bank and riparian vegetation (Thompson et al., 2012) . In the Stroubles Creek restoration design, the lower bank of the restoration site was seeded with a wetland grass mixture, and herbaceous tubelings were planted in rows with a 0.15 m spacing and 0.76 m offset (Theresa Thompson, BSE Virginia Tech, personal communication, 27 August 2010) .
From these characteristics, eight vegetation treatments were constructed involving three vegetation factors: flexible grass length (0.7 and 3.9 cm), percent cover (100% and 50%), and herbaceous plantings (with and without) ( fig. 1 and table 1). The grass was simulated using synthetic grass mats (RealGrass) with blade lengths of 0.7 cm (127 stems cm -2 ) and 3.9 cm (22 stems cm -2 ); the two grass lengths represented the wetland grass at two stages of development. Because vegetation often does not develop in a uniform pattern, the flexible vegetation density was reduced by 50% by randomly removing square sections (30.5 cm × 30.5 cm) of the grass. This decreased area with vegetation was used to mimic patchy vegetation (figs. 1c and 1d). Wooden dowels were used to represent the herbaceous tubelings and were meant to represent the plants immediately after planting (diameter = 0.6 cm; length = 15.24 cm). The dowels were positioned vertically in rows with a 0.15 m spacing and a 0.76 m offset, following the Stroubles Creek planting arrangement (Theresa Thompson, BSE Virginia Tech, personal communication, 27 August 2010; figs. 1b and 1d) .
MICROADV VELOCITY MEASUREMENTS
The eight treatments were examined under two discharges (0.02 and 0.03 m 3 s -1 ; tailgate height = 13.3 cm; water depth = 17 to 18 cm). Experimental discharges were guided by previous studies (e.g., McBride et al., 2007; Afzalimehr and Dey, 2009 ) and by flow rates and velocities expected in the riparian area of Stroubles Creek. Discharge was measured with a sharp-crest weir located at the end of (Buffin-Bélanger and Roy, 2005) . Velocity was measured under steady flow in the measurement region (30.5 × 38.1 cm) located approximately 20 flow depths from the flume entrance. Velocity measurements were taken in a grid pattern at one vertical distance per location (n = 98 for treatments with dowels; n = 99 for treatments without dowels; figs. 1a to 1d). Velocity was measured at a distance of 4 cm from the flume bed. This distance was as close to the flume bed as allowed without significant interference of the velocity probe for all treatments.
The MicroADV velocity data were filtered to reduce erroneous data that may bias mean velocity values and turbulence characteristics. Instantaneous velocity values with an average signal correlation value less than 70% or an average signal to noise ratio less than 15 were removed (Wahl, 2000; McBride et al., 2007; Hopkinson and Wynn, 2009) . All recorded time series were included in the data analysis because more than 75% of the instantaneous values remained after filtering (McBride et al., 2007; Hopkinson and Wynn, 2009 ).
DATA ANALYSIS
Each velocity time series was analyzed for turbulence intensities, turbulent kinetic energy, and Reynolds stresses. The root mean square (RMS) of the fluctuating velocities was calculated for each velocity component, representing the turbulence intensities:
where u is the downstream velocity component (m s -1 ), v is the lateral velocity component (m s -1 ), and w is the vertical velocity component (m s -1 ). This analysis required separating the instantaneous velocity fluctuations (u′, v′, and w′) from the time-averaged velocity ( u , v , and w ) for each velocity component.
The overall average turbulent kinetic energy (TKE) was calculated:
where ρ is the fluid density (kg m -3 ).
Reynolds stresses τ xz and τ xy , representing vertical and lateral momentum exchange, respectively, were also calculated:
STATISTICAL ANALYSIS
Statistical tests were used to determine differences among the near-bed time-averaged velocities and calculated turbulence statistics. First, the distributions of timeaveraged velocities and turbulence statistics were tested for normality using the Shapiro-Wilk test. The normal quartile plots were also examined. The data did not follow a Gaussian distribution; therefore, the Wilcoxon test was used to test for differences in medians. Differences among factors (i.e., discharge, flexible stem length, percent flexible cover, and herbaceous plantings) were tested for each timeaveraged velocity component ( u , v , and w ), TKE, Reynolds stress (τ xz and τ xy ), and turbulence intensity (RMS u , RMS v , and RMS w ). To eliminate the error contributed by position, data were blocked by measurement location (figs. 1a to 1d). Blocks without data (i.e., dowel location; figs. 1b and 1d) were removed from the analysis (Devore, 2000) . A significance level of α = 0.05 was assumed for all tests. Statistical analysis was conducted using JMP software (v.9.0.0, SAS Institute, Inc., Cary, N.C.).
RESULTS AND DISCUSSION
For both discharges, u was typically two orders of magnitude greater than the time-averaged lateral ( v ) and vertical ( w ) velocity components for each individual run. The RMS values represent the strength of the velocity fluctuations and were on the same order of magnitude for all three components (10 0 cm s -1 ). On average, RMS u was an order of magnitude less than u , while RMS v and RMS w were an order of magnitude greater than v and w , respectively (table 2) . These results indicate that turbulence fluctuations larger than the average velocity were frequent for the lateral and vertical components of velocity.
To further compare the RMS values, relative turbulence intensity values were calculated by dividing the RMS values by the magnitude of the three-dimensional velocity vector component M for each velocity measure-
The relative turbulence intensity values varied by location and treatment, but similarities for each component were observed. Excluding measurement locations directly behind a dowel, RMS u /M was greater than both RMS v /M and RMS w /M. Including all runs, relative turbulence intensity ranges were 0.11 to 0.54, 0.11 to 0.46, and 0.07 to 0.22 for RMS u /M, RMS v /M, and RMS w /M, respectively. As such, the downstream velocity component was the dominant contribution to overall turbulence; however, lateral and vertical components also substantially contributed. RMS u , RMS v , and RMS w contributed 46% to 54%, 31% to 36%, and 12% to 16% to the overall TKE magnitude, respectively.
For all runs, median τ xz and τ xy values ranged from 0.04 to 0.23 Pa and from -0.03 to 0.01 Pa, respectively. The median τ xy values suggest little variability among treatments, but the interquartile range (IQR) within the treatments had a value of up to 0.15 Pa (run 7, table 2). This result indicates increased variability within the treatment with 50% flexible cover, as is discussed in the following sections. Lastly, τ xz was on the same order of magnitude as τ xy for the short grass treatments (10 -2 Pa), and τ xz was an order of magnitude greater than τ xy for the long grass treatments (table 2), suggesting greater vertical momentum exchange in the long grass treatments.
The following sections discuss the impacts of discharge, flexible stem length, vegetation arrangement, and vertical layers on time-averaged velocities, turbulence intensities, turbulent kinetic energy, and Reynolds stresses.
EFFECTS OF DISCHARGE
The effect of discharge was significant for timeaveraged velocity components u and w (p < 0.0001) and turbulence characteristics RMS u , RMS v , RMS w , TKE, and τ xz (p < 0.0001) ( . Turbulence intensities, TKE, and τ xz measured at the high discharge were 29% to 39%, 56%, and 69% greater than those measured at the low discharge, respectively. While there were differences in magnitude, spatial trends of velocities and turbulence for each vegetation treatment were the same for both levels of Table 2 . Median, range (in italics), and interquartile range (in parentheses) of velocity and turbulence data for each flume run: u is the timeaveraged downstream velocity; v is the time-averaged lateral velocity; w is the time-averaged vertical velocity; RMS u , RMS v , and RMS w are turbulence intensities; TKE is turbulent kinetic energy; and τ xz and τ xy are Reynolds stresses. Treatments for runs are defined in (2007) , who reported that the pattern and distribution of velocities and turbulence did not change with discharge level in a flume study with forested and non-forested riparian vegetation.
EFFECTS OF STEM LENGTH
The effect of stem length was significant for all velocity components ( u , v , and w ; p < 0.0001) and turbulence characteristics (RMS u , RMS v , RMS w , TKE, τ xz , and τ xy ; p < 0.0001) (table 3), likely due to the increase in overall drag. The long grass cross-sectional blockage factor (i.e., B = A v /A, where A v is the area of plants in the cross-section, and A is the area of the cross-section) was 5.5 times the short grass cross-sectional blockage factor for both the 100% and 50% flexible cover vegetation treatments. Increasing drag along the streambank will reduce flow within the bank vegetation and direct flow into the main channel. As observed by Rominger et al. (2010) , this increased drag and associated flow acceleration at the vegetation edge can result in local scour along the vegetation boundary.
A shear layer likely developed above the submerged, flexible vegetation. For the long grass treatments, it is expected that the shear layer was moved away from the flume bed as compared to the short grass treatments. Therefore, the median downstream velocity for the long grass (11.7 cm s -1 ) was less than that measured for the short grass (12.6 cm s -1 ) at the measurement location. Similarly, the median values for all calculated turbulence statistics were greater than those calculated for the short grass treatments. Turbulence intensities, TKE, and τ xz for the long grass treatments were 30% to 16%, 70%, and 150% greater than that measured for the short grass treatments, respectively (table 3) .
EFFECTS OF VEGETATION ARRANGEMENT (PERCENT FLEXIBLE COVER)
The effect of percent flexible cover was significant for w and v (p ≤ 0.012), as illustrated in figure 2. The additional vegetation/main channel boundaries introduced by the vegetation patches created complex flow patterns that provide potential habitat benefits. For the treatments with 50% of flexible grass cover, velocity vectors are oriented in the positive z-direction at the dense vegetation patch entrance (x = 34.2 cm) and in the negative z-direction between patches (x = 7.6 to 26.6 cm, y = 0 to 15.2 cm; figs. 2c, 2d, 2g, and 2h). For treatments with 100% dense vegetation, 1% to 8% of the measurement locations had velocity vectors pointed in the negative z-direction; however, 19% to 23% and 44% to 46% of the velocity vectors were pointed in the negative z-direction for the 50% short grass and 50% long grass treatments, respectively. This flow heterogeneity was also illustrated by the dispersion of the data. Median values reported by factor (discharge, flexible stem length, percent flexible cover, and herbaceous plantings) The IQR for the vertical velocity component was at least 20% larger in patchy treatments (50% flexible cover) as compared to treatments with 100% flexible cover (table 2) .
Due to the hydraulic resistance introduced by the vegetation, flow was directed over the vegetation patch (x = 32.4 cm; figs. 2c, 2d, 2g, and 2h). However, downstream of the measurement region (x > 40 cm), it is expected that vertical mass and momentum exchange occurred as flow moved over the patch. Assuming there is sufficient resistance to generate an inflection point in the velocity profile, a shear layer will form due to Kelvin-Helmholtz instability (Ghisalberti and Nepf, 2002; Poggi et al., 2004) , and vortices will dominate vertical momentum exchange (Ghisalberti and Nepf, 2005) .
Two turbulence parameters, RMS w and τ xz , were determined to be statistically significant for the effect of percent flexible cover (p ≤ 0.0005; table 3). Figures 3a to 3h illustrates the distribution of τ xz in the measurement region for the high-discharge runs; trends for the low-discharge measurements were similar in distribution and approximately 40% less in magnitude. Especially apparent for the long grass, treatments with 50% flexible vegetation cover (both with and without dowels) resulted in a localized area of reduced τ xz (≈0.1 Pa; x > 20 cm, y > 15 cm; figs. 3g and 3h) where the vegetation was omitted for the full longitudinal length of the measurement region. Maximum τ xz values were located between long grass vegetation patches (y < 15 cm, x < 30 cm) and were at least double those measured in the area where the vegetation was omitted for the full longitudinal length of the measurement region. The maximum τ xz measured between the vegetation patches was 3.4 times the median τ xz value.
Additionally, treatments with 50% long grass (runs 7, 8, 15, and 16) resulted in the greatest median τ xz and IQR at both discharges; the IQR values were more than double those of all other treatments at each discharge (table 2) . This result indicates greater variability in the Reynolds stresses for the 50% long grass treatments due to the additional boundaries introduced to the patches of vegetation (i.e., vegetation/main channel edges). However, the τ xz values were of relatively low magnitude, ranging from -0.03 to 0.26 Pa and from -0.02 to 0.45 Pa for the low and high discharge runs, respectively.
Fluvial entrainment, typically quantified by the excess shear stress model, results when the applied shear stress ex- ceeds the critical shear stress of the soil (Partheniades, 1965) . The applied shear stress is often represented by near-boundary Reynolds stresses (Nepf, 2012) ; therefore, the elevated τ xz values in this study indicate potential localized erosion on the edges of the vegetation patches. This result supports previous observations of erosion along the edge of vegetation patches in tidal flats (Temmerman et al., 2007) and along the edge of a vegetated, sandy point bar (Rominger et al., 2010) . This localized erosion may be beneficial by creating complex bank geometry where biota can hide from predators and locate low-velocity refugia. Bank erosion also leads to riparian vegetation succession, essential for riparian diversity (Florsheim et al., 2008) .
While there was no significant difference in TKE when defined by percent cover, the spatial distribution indicated trends. For the high-discharge runs, contour plots indicate a location of increased TKE along the edges of vegetation patches, which was most apparent for the long grass treatments (TKE > 1 N m -2 ; figs. 4g and 4h). Maximum TKE measured between long grass vegetation patches (y < 15 cm, x < 30 cm) was 1.6 times the median TKE value for treatments with dowels and 1.5 times the median TKE value for treatments without dowels. This flow heterogeneity was also supported by the IQR values. For these treatments (runs 7 and 8), the IQR was more than double the IQR for all other treatments at the high discharge. The IQR for the 50% long grass treatments were 53% greater than for all other treatments at the low discharge (table 2) .
EFFECTS OF VERTICAL LAYERS
The effect of two vegetation layers (with or without dowels) was significant for all turbulence intensities: RMS u , RMS v , and RMS w (p ≤ 0.0067). For treatments with dowels, median turbulence intensities were 2.23, 1.84, and 1.19 cm s -1 for RMS u , RMS v , and RMS w , respectively. Without multiple layers, median turbulence intensities values were 2.41, 1.97, and 1.27 cm s -1 for RMS u , RMS v , and RMS w , respectively. With two layers of vegetation (i.e., long grass with dowel treatments), the dowels likely reduced the velocity of the flow above the grass. This decreasing momentum exchange resulted in the decrease in RMS u for the treatments with dowels compared to treatments without dowels.
The effect of two vegetation layers was also significant for TKE (p < 0.0001). Median TKE values decreased with the presence of dowels (table 3) ; however, localized areas of elevated TKE (TKE > 1 N m -2 ) were present within a downstream distance of 7.5 cm from the dowels (figs. 4b, 4d, 4f, and 4h). While the dense, flexible vegetation likely produced turbulence in the form of a shear layer over the vegetation, the turbulence produced by the dowels was due to vortex shedding from individual dowels. This difference in turbulence generation is illustrated in figure 4 . Elevated TKE values were located downstream of the dowels because the TKE calculation incorporates all velocity components (eq. 4). The vortex shedding due to the dowels occurred in the lateral direction, making the velocity component (v) an important component to define turbulence at this location. The effect of multiple layers was not statistically significant for τ xy ; however, spatial patterns of τ xy similar to TKE were observed (figs. 3j, 3l, 3n, and 3p), and the τ xy values with the greatest absolute magnitude (-0.29 to -0.60 Pa) were located directly downstream of the dowels.
While a local area of elevated mean turbulence was present in the dowel treatments, the addition of the dowels did not result in an overall increase in TKE or Reynolds stresses (table 3) . These results suggest that the presence of sparse vegetation promoted lateral momentum exchange while not significantly contributing overall instability.
CONCLUSIONS
Mixed planting methods are often suggested components of stream restoration designs and result in varied patterns of riparian vegetation. This research was intended to improve our understanding of flow complexity resulting from these planting methods. Vegetation patches composed of dense, flexible vegetation created boundaries where the edge of the vegetation met the main channel. These additional edges resulted in complex flow patterns and velocity gradients, as well as heterogeneous distribution of turbulence statistics. Elevated near-bed Reynolds stresses locat- ed at the vegetation patch edges, mainly for the long grass treatments, indicate a potential for localized particle entrainment, consistent with previous observations of erosion along vegetation edges. The presence of dowels also contributed to flow complexity while not significantly elevating overall turbulence. Elevated TKE and Reynolds stresses only occurred in close proximity to the dowels. Therefore, sparsely planted herbaceous tubules will contribute to lateral mass and momentum exchange. Dense grass patches at varying stem heights in combination with sparsely planted herbaceous tubelings will likely provide the benefits of flow complexity while minimizing the vegetation/main channel edges that are susceptible to particle entrainment.
